We explore the onset of star formation in the early Universe, exploiting the high-redshift observations of Lyman-break galaxies (LBGs) and Lyα emitters (LAEs). Simple physical recipes for the evolution of the star formation rate (SFR) in protogalaxies, coupled with a SFR/metallicity-dependent dust extinction consistent with the available data, are shown to reproduce the UV luminosity functions (LFs) of LBGs and of LAEs at high-z. We argue that LBGs contributing to the observed LFs reside in galactic halos in the mass range 10 10 M ⊙ M H 10 12 M ⊙ , while LAEs are confined within a much narrower range around 10 11 M ⊙ . The stellar masses of LBGs span the range 10 8 M ⊙ M ⋆ 10 10 M ⊙ . In massive galaxies endowed with large SFRs the extinction increases rapidly, so that they shine as UV and Lyα emitters only for a time 10 8 yr, i.e. for a short fraction of their life; thus such massive galaxies are much more easily detected as sub-millimeter sources. The X-ray luminosity of LBGs is expected to be dominated by high mass X-ray binaries and supernova remnants, although some level of nuclear activity due to accretion onto a central supermassive black hole should be present. Finally, we show that the intergalactic medium can be completely reionized at redshift z ≈ 6 − 7 by massive stars shining in protogalactic spheroids with halo masses from a few 10 10 M ⊙ to a few 10 11 M ⊙ , showing up as faint LBGs with magnitude in the range −17 M 1350 −20, without resorting to any special stellar Initial Mass Function.
INTRODUCTION
A big challenge for modern astrophysics and cosmology is to cast light on the epoch when the first stars began shining in primeval galaxies. Observations of very distant galaxies and quasars (QSOs) are essential in order to understand the astrophysical processes relevant to the dawn of the Universe.
A very efficient technique in selecting high redshift galaxies exploits the drop expected in galaxy spectra beyond the Lyman limit at 912 Å (Steidel et al. 1996; Lowenthal 1997) . With the imagers on board of HST and with the ground-based telescopes of the 10-m class, deep and ultra deep surveys reached impressive sensitivity in the optical and near IR bands over areas wide enough to allow estimates of the rest-frame UV Luminosity Function (LF) of Lyman Break Galaxies (LBGs) at redshifts ranging from 3 to 10 (Steidel et al. 1999 (Steidel et al. , 2003 Bunker et al. 2004; Vanzella et al. 2005 Vanzella et al. , 2006 Bouwens et al. 2006 ; Bouwens & Illingworth 2006a, b) . Many authors studied the main properties of LBGs such as Star Formation Rate (SFR), extinction, spectra (Shapley et al. 2001 (Shapley et al. , 2006 Steidel et al. 2003; Vijh, Witt & Gordon 2003; Inoue et al. 2006) , stellar content (Huang et al. 2005; Eyles et al. 2006; Labbè et al. 2006; Stark et al. 2006; Yan et al. 2006) , and clustering Ouchi et al. 2004; Adelberger et al. 2005; Kashikawa et al. 2006a ; Lee et al. 2006) .
The selection of Lyα emitters (LAEs) is much more difficult both with photometric narrow-band searches as well as with slitless spectroscopy and blind slit searches: as a result spectroscopically confirmed samples are rather scarce, though rapidly increasing (see e.g. Kodaira et al. 2003; Hu et al. 2004; Rhoads et al. 2004; Malhotra et al. 2005; Taniguchi et al. 2005; Kashikawa et al. 2006b; Shimasaku et al. 2006 ). An analysis of the stellar mass and dust extinction for 40 candidate LAEs has been carried out by Gawiser et al. (2006) .
LBGs and LAEs are sites of star formation at substantial redshifts (up to z 6), and are expected to contribute through the Lyman continuum from their massive stars to the reionization of the intergalactic medium (IGM; see, for reviews, Barkana & Loeb 2001; Fan, Carilli & Keating 2006) . Studies on the Gunn-Peterson trough (Gunn & Peterson 1965) in QSO spectra (see e.g. Becker et al. 2001; White et al. 2003; Fan et al. 2002 Fan et al. , 2006 and the estimate of the Thomson scattering optical depth τ es = 0.09 ± 0.03, obtained by the Wilkinson Microwave Anisotropy Probe (WMAP) through the analysis of three year data on the CMB polarization anisotropies (Page et al. 2006) , constrain the reionization epoch to the redshift range 6 z 11.
Theoretical studies of LBGs and LAEs have been carried out with semi-analytical and numerical methods, with the aim of explaining their LFs and their contribution to the reionization (see e.g. Nagamine et al. 2004; Finlator, Davè & Oppenheimer 2006; Gnedin & Fan 2006; Night et al. 2006; Le Delliou et al. 2006) . Several authors also discussed the possibility of probing the reionization through LF studies of LAEs (Santos 2004; Haiman & Cen 2005; Furlanetto, Zaldarriaga & Hernquist 2006; Malhotra & Rhoads 2006) . Large efforts have also been devoted to discuss the reionization signatures on HI radio maps (Tozzi et al. 2000; Mellema et al. 2006; Zahn et al. 2006 ) Stiavelli, Fall & Panagia (2004) have discussed the observable properties of cosmological sources that possibly reionize the IGM, with the aim of elucidating the capabilities of HST to detect them. After a few years and a huge increase of observations, here we take the complementary approach of evaluating the contribution of LBGs and of their close relatives, LAEs, to the reionization (see e.g. Haehnelt et al. 2001) . To this purpose, we use as a reference the simple physical description of star formation in virialized halos presented by Granato et al. (2004) . The plan of the paper is as follows. In § 2 we present the equations ruling star formation in Dark Matter (DM) halos, including the effects of feedback, and derive the star formation and the chemical evolution as a function of halo mass and redshift. In § 3 we show that this approach can successfully account for the LF of LBGs, with proper allowance for extinction. In § 4 we exploit the adopted extinction law, which is consistent with earlier estimates, to infer the fraction of ionizing photons which escape the HI absorption inside the LBGs and to derive the LF of LAEs. In § 5 we estimate the contribution to the reionization of LBGs and LAEs. Our conclusions are summarized in § 6. Throughout the paper we adopt the concordance cosmology with density parameters Ω M = 0.3, Ω Λ = 0.7, Hubble constant H 0 = 70 km s −1 Mpc −1 , and σ 8 = 0.8. Unless otherwise specified, magnitudes are in the AB system.
A SIMPLE RECIPE FOR THE STAR FORMATION RATE IN PROTOGALAXIES
The rest-frame UV emission is proportional to the current SFRṀ ⋆ . The corresponding observed absolute magnitude at λ ≈ 1350 Å is given by M 1350 = 51.59 − 2.5 logL
whereL 1350 is the monochromatic luminosity forṀ ⋆ = 1M ⊙ yr −1 that depends on chemical composition and initial mass function (IMF), and A 1350 is the dust extinction. In the following we will adopt a double power-law IMF with slope 1.25 from 120 M ⊙ to 1 M ⊙ and 0.4 from 1 M ⊙ down to 0.1 M ⊙ (Romano et al. 2002 ; for a review on the IMF see Chabrier 2005) . For a metallicity Z ≈ Z ⊙ /3, one hasL 1350 ≈ 1.2 × 10 28 erg s −1 Hz −1 ; for a Salpeter IMF,L 1350 is smaller by a factor of about 1.6 (see Leitherer et al. 1999) . The SFR in galactic halos is determined by a number of physical processes (such as cloud-cloud collisions, cooling, fragmentation, energy inputs from QSOs, supernovae [SNae] and stellar winds, etc.) which occur on different linear and time scales. Even with the more sophisticated numerical techniques, one has to resort to many simplifying assumptions to derive the star formation history, since these processes are extremely complex and occur on scales well below the currently achievable resolution .
In this paper we exploit the simple recipe put forward by Granato et al. (2004) which relates the average SFR to the distribution of gas and DM in the protogalaxy, taking into account the effects of the energy fed back on the intra-galactic gas by SN explosions and by accretion onto the nuclear black hole (BH). The model envisages that during or soon after the formation of the host DM halo, the baryons falling into the newly created potential well are shock-heated to the virial temperature. This hot gas is (moderately) clumpy and cools fast especially in the denser central regions, yielding a strong burst of star formation. A fraction of the cooled gas loses its angular momentum because of the drag by the stellar radiation, settles down into a reservoir around the central super-massive BH, and eventually accretes onto it by viscous dissipation, powering the nuclear activity. The SN explosions and the BH activity feed energy back to the gaseous baryons, and regulate the SFR and the BH growth. These energy feedbacks actually reverse the formation sequence of the galactic baryons compared to that of DM halos: the star formation and the buildup of central BHs are completed more rapidly in the more massive haloes, thus accounting for the phenomenon now commonly referred to as downsizing from an observational point of view. This model successfully matches a huge variety of observational data, including the epoch-dependent LFs of galaxies in many wavebands, of X-ray and optically selected QSOs, and of the Extremely Red Objects, as well as the statistical properties of local elliptical galaxies and the local mass function of dormant BHs Silva et al. 2005; Shankar et al. 2004 Shankar et al. , 2006 Cirasuolo et al. 2005; Lapi et al. 2006; De Zotti et al. 2006) .
The history of star formation, of reservoir fueling and of accretion can be easily computed by numerically solving the set of differential equations written down by Granato et al. (2004;  see also the Appendix A of Lapi et al. 2006) . We summarize here the results concerning the SFR, which are the relevant ones for this paper, and, whenever possible, we give simple analytical approximations for them.
At the virialization time a DM halo of mass M H hosting a galaxy contains a mass M inf (0) = f cosm M H of hot gas at the virial temperature, f cosm ≈ 0.18 being the mean cosmic baryon to DM mass-density ratio. The gas cools and flows toward the central regions of the halo at a rateṀ
whereṀ cond = M inf /t cond , and the 'condensation' timescale t cond = max[t cool (R H ),t dyn (R H )] is the maximum between the dynamical time and the cooling time at the halo virial radius R H . The cooling time includes the appropriate cooling function (Sutherland & Dopita 1993 ) and allows for a clumping factor C in the baryonic component. The second term on the right hand side describes the influence of the QSO kinetic energy output on the hot gas distributed throughout the DM halo. Note that in the above equation the effect of the angular momentum is neglected, since it is lost by dynamical friction through mergers of mass clouds M c on a time scale t DF ≈ 0.2 (ξ/ lnξ)t dyn , where ξ = M H /M c (see e.g. Mo & Mao 2004) ; major mergers, which are very frequent at high redshift, imply ξ ∼ a few. The mass of cold gas is increased by cooling of the hot gas (Ṁ cond ), and decreased by star formation (Ṁ ⋆ ) and by the energy feedback from SNae (Ṁ SN cold ) and QSO activity (Ṁ QSO cold ). Its evolution thus obeys the equation:
where R is the fraction of gas restituted to the cold component by the evolved stars, amounting to R ≈ 0.3 under the assumption of instantaneous recycling. Strictly speaking, this value of R is an upper limit, since only a fraction of evolved stars have a significant mass loss in the evolutionary phases considered here; the results, however, are only very weakly sensitive to the chosen value, in the allowed range. The cold mass ending up in the reservoir around the central super-massive BH is lost at a very low rate (see Granato et al. 2004 ) and has been neglected in the above equation. The energy feedback from SNae is parameterized asṀ
where the efficiency of gas removal
depends on the number of SNae per unit solar mass of condensed stars N SN , on the energy per SN available to remove the cold gas ǫ SN E SN , and on the specific binding energy of the gas within the DM halo E bind . Following Zhao et al. (2003) and Mo & Mao (2004) , the latter quantity has been estimated for z 1 as
here V H is the halo circular velocity at the virial radius and f (c) ≈ 2/3 + (c/21.5) 0.7 ∼ 1 is a weak function of the halo concentration c. We adopt the same strength of SN feedback ǫ SN = 0.05 used by Lapi et al. (2006) in order to reproduce LFs of galaxies and QSOs at high redshift, and also to reproduce the fundamental correlations between local elliptical galaxies and dormant BHs.
The cold gas turns into stars at a rateṀ
where now t cool and t dyn refer to the mass shell dM cold , and t ⋆ is the star formation timescale averaged over the mass distribution. Eqs. (2) and (3) can be easily solved settingṀ ⋆ ≃ M cold /t ⋆ and neglecting the effects of the energy injected in the gas by the accretion onto the central BH. With this approximation the infalling mass declines exponentially as M inf (t) = M inf (0) e −t/tcond , while the SFR evolves according toṀ
with γ ≡ 1 − R + β SN . The quantity s ≡ t cond /t ⋆ is the ratio between the timescale for the large-scale infall estimated at the virial radius, and the star formation timescale in the central region. If we adopt an isothermal density profile we have, typically, s ≈ 5. Although Eq. (7) has been obtained neglecting the QSO feedback it turns out to be, at the redshifts relevant here (z 2), a good approximation of the results of the full numerical integration of the system of differential equations given by Lapi et al. (2006) , provided that: (i) we take into account that the star formation is strongly suppressed by the QSO feedback after a time
where F (x) = 1 for x ≥ 1 and F (x) = x −0.15 for x ≤ 1; (ii) we adopt the following expression for the condensation timescale
In the latter expression, the scaling with the redshift mirrors the dependence of the cooling and/or dynamical time on redshift. Moreover, the weak dependence on M H renders the impact of the energy feedback from the QSO on the infalling gas; its effect is mimicked by allowing longer condensation timescales for the gas in more massive halos, exposed to stronger QSO feedback from more massive BHs. Note that the SFR evolves differently for different halo masses. It increases rapidly with galaxy age for large masses, M H 10 12 M ⊙ , while it is first almost constant and then slowly declining for low mass halos (see Fig. 1 ). At z ≈ 3 the SFR retains the same time dependence as at z = 6, but is on average lower by factors of 2 at a given halo mass. For massive halos the energy fed back to the galactic gas by BH activity dominates over the energy released by SN explosions only in the last e-folding time (i.e. during the QSO phase), and removes all the gas from the halo drastically suppressing the star formation. In less massive halos, the mutual effects of star formation and gas flow toward the reservoir around the central BH result in a strong decline of the BH mass with halo mass (see e.g. Shankar et al. 2006, their Eq. [16] ); as a consequence, the impact of the QSO feedback is much less important and the star formation can continue for longer times.
The total mass M burst ⋆ cycled through stars during the time ∆t burst can be estimated by integrating the SFR of Eq. (7). The present-day total mass of surviving stars M
can then be derived by assuming a specific IMF; f surv is around 60% after 10 Gyr from the burst for a Salpeter IMF, and is around 30% for the IMF adopted here. An interesting outcome of our model is that the fraction of the original baryons associated to the galactic halo that is trapped in present-day stars stays almost constant at
11 M ⊙ , and decreases very rapidly below this threshold. As discussed by Shankar et al. (2006) , this is in keeping with results obtained through X-ray and weak lensing estimates of halos around galaxies.
When computing the metal content of the cold gas, one has to take into account the enrichment of the primordial infalling gas due to earlier generations of stars, and the gas outflows due to the energy injection by SNae and QSOs. In the first stages, the chemical enrichment of the cold gas component is very rapid, Z ∝ t 3 ; e.g., 1/100 and 1/10 the solar abundance in the gaseous component within a M H ≈ 10 11 M ⊙ galaxy halo is attained after ∼ 1.2 × 10 7 and ∼ 2 × 10 7 yr, respectively. Only less than 1% and 10% of the total stellar mass has been built up at these times and therefore the expected final mass fraction of metal-poor stars is tiny. A simple approximation of the subsequent evolution reads
, for 7 × 10
where ∆t sat = 7 × 10 7 (M H /10 10 M ⊙ ) 2/3 yr is the time after which Z keeps almost constant.
REST-FRAME UV LUMINOSITY FUNCTION OF LYMAN BREAK GALAXIES
The UV LF of LBGs can be estimated coupling the SFR as function of redshift and halo mass derived in the previous section, with the halo formation rate. At high redshifts, z 2, the halo formation rate can be reasonably well approximated by the positive term of the cosmic time derivative of the halo mass function (e.g., Haehnelt & Rees 1993; Sasaki 1994) . The halo mass function derived from numerical simulations (Jenkins et al. 2001 ) is well fit by the Sheth & Tormen (1999 formula, that improves over the original Press & Schechter (1974) expression. The latter is well known to under-predict by large factors the massive halo abundance at high redshifts. Adopting the Sheth & Tormen (1999) mass function N ST (M H ,t), the formation rates of DM halos are given by
where a = 0.707 and p = 0.3 are constants obtained by comparison with N-body simulations, σ(M H ) is the mass variance of the primordial perturbation field, computed from the Bardeen et al. (1986) power spectrum with correction for baryons (Sugiyama 1995) and normalized to σ 8 ≈ 0.8 on a scale of 8 h −1 Mpc, and δ c (t) is the critical threshold for collapse, extrapolated from the linear perturbation theory.
The rest-frame UV LF at a cosmic time t is then
where τ [M 1350 |M H ,t] is the time spent at magnitudes brighter than M 1350 . Fig. 2 shows that, if extinction is neglected, the model strongly overestimates the LFs, especially at the bright end. On the other hand, dust is expected to be produced by Type-II SNae on very short timescales (Morgan & Edmunds 2003) and indeed significant extinction of LBGs has been reported (e.g. Shapley et al. 2001 ) and found to be strongly correlated with the extinction-corrected UV luminosity (see Ando et al. 2006; Burgarella et al. 2006) , which is a proxy for the SFR.
UV extinction
In turn, the SFR is expected to correlate with the amount of gas prone to cool and collapse and hence with the metal and dust content. In fact, a direct dependence of the extinction on the SFR is supported by observations in the local and high-redshift Universe (Wang & Heckman 1996; Calzetti et al. 2000; Vijh et al. 2003; Choi et al. 2006 ; Schmitt et al. 2006; see Calzetti 2001 and Solomon & van den Bout 2005 for reviews).
Exploiting numerical simulations of interacting galaxies, Jonsson et al. (2006) have tested the dependence of bolometric attenuation on galaxy metal content, on luminosity, SFR and baryonic mass. In the simple case of a dependence on the star formation rate only, as suggested by the Wang & Heckman (1996) study of local spiral galaxies, they found:
with τ = 1.7 Ṁ ⋆ /M ⊙ yr −1 0.26 . In Fig. 3 we present the LFs estimated with our simple model and adopting the above extinction law. Although the observed LFs at z = 6 and z = 3 are now reasonably well fit, one may note that especially at z = 3 larger extinction is required at high luminosity.
In order to improve the fit we allow the extinction to depend also on the gas metal abundance Z. The comparison of irregular galaxies to the discs of spirals suggests that the higher transparency of irregulars is at least in part related to their lower metallicity (Calzetti et al. 2000) . A very good fit to the LFs (see Fig. 4 ) can be found with the following extinction law:
From Fig. 5 it is apparent that the extinction predicted by our model is minimal for LBGs hosted by small halos M H 10 11 M ⊙ , while it quickly increases with the mass, so that massive galaxies are UV-bright for shorter times.
We also computed the expected LF at z ∼ 7 − 8, to compare with the recent observational results by Bouwens & Illingworth (2006b) . These authors estimate that there are only 1−4 sources brighter than M 1350 ≈ −19.7 at 7 z 8 on an area of 5.8 arcmin 2 . Our prediction ranges between 2 and 4 sources, depending on the adopted extinction law. Bouwens et al. (2006) constrained the number density of z ≈ 10 galaxies with extremely deep exposures obtained with HST/NICMOS. They got an upper limit of 3 galaxies at z ≈ 10 on a area of 15 arcmin 2 ; our model predicts 1 − 3 sources, depending on the adopted extinction law. We recall that the above extinction laws refer to λ ≈ 1350 Å, the rest frame wavelength of the z = 6 LF by Bouwens et al. (2006) . However, in the following we need to estimate extinction at shorter and longer wavelengths. The extinction curve proposed by Calzetti et al. (2000) is often used as a reference in the study of LBGs. It yields A 1350 ≈ 11 E(B − V), A 1216 ≈ 1.1 A 1350 , and, extrapolating from 1200 Å to 912 Å (cf. Draine 2003) , A 912 ≈ 1.6 A 1350 .
However, one should keep in mind that this curve has been derived mainly from observations of local starburst galaxies, while we are dealing with primordial objects, in which the dust is produced mainly by the ejecta of Type-II SNae. The extinction curve of very young galaxies is expected to depend on complex details related to the dust grain formation and destruction (Dwek 1998; Todini & Ferrara 2001; Nozawa et al. 2003) . Maiolino et al. (2004) have shown that the UV extinction curve of a BAL QSO at z = 6.22 is somewhat different from those of lower redshift BAL QSOs. Hirashita et al. (2005) estimated the extinction law in young galaxies with dust produced (and destroyed) by Type-II SN explosions, showing that it is sensitive to the internal metal mixing in SNae. These authors suggest that the available data at high redshift favor rather flat extinction curves produced in unmixed Type-II SNae, because of the large contribution from large-size Si grains. The time dependence of the UV absolute magnitude (see Fig. 6 ) shows that the contribution to the high luminosity end (M 1350 ∼ −22) of the LF comes from objects harbored by halos with M H 10 12 M ⊙ and SFRsṀ ⋆ 100 M ⊙ yr −1 . In fact, although more massive halos have higher SFRs, their extinction rapidly increases with time and they remain bright enough to be included in the observed LF for short times. The shortness of the UV-bright phase compared to the Hubble time, coupled with the low number density of very massive halos, makes the LF drastically decreasing with increasing luminosity. The massive halos with high intrinsic SFR spend most of their burst time in a dusty environment and are brighter at IR/sub-mm wavelengths. In fact, only halos with M H 5 − 10 × 10 11 M ⊙ are contributing to the observed UV LF. At the faint end, M 1350 ∼ −18, the contribution is limited to M H 4 × 10 10 M ⊙ , lower mass objects having too low SFRs to be detected. Their extinction is small and, as a consequence, their IR luminosity, i.e. the luminosity between 8 and 1000 µm, is of the same order of their UV luminosity.
As illustrated by Fig. 7 , the extinction law allowing to fit the UV LFs yields a reddening range 0 E(B − V ) 0.4 and a UV luminosity -reddening correlation nicely consistent with the observational estimate by Shapley et al. (2001; cf. their Fig. 11 ). The latter authors also noted that there is a tendency (though with a very large scatter) of older objects to exhibit lower color excesses. From Fig. 5 it is apparent that 'old' UV selected LBGs (ages few × 10 8 yr) are expected to be mostly low-mass galaxies, with low extinction, while as we move to younger ages, more massive galaxies, with significant extinction, become visible in the UV.
Observing with Spitzer a sample of 253 LBGs at z ≈ 3 drawn from the Steidel et al. (2003) catalog, Huang et al. (2005) detected about 5% of these objects at 24 µm. The detected LBGs exhibit red colors and populate the area of starburst galaxies in color-color diagrams. Chapman et al. (2005) found that several galaxies in a sub-mm selected sample exhibit rest frame colors compatible with those of LBGs. These results can be understood in the light of the present model, which shows that at high redshifts the UV selection and the mid-IR or sub-mm ones are all probing the early star formation in galaxy halos. The UV selection obviously favors the less absorbed and less actively star forming galaxies, hosted in less massive halos, while the sub-mm selection emphasizes the highly absorbed galaxies hosted in large galaxy halos, where the SFR can reach high values.
More recently, samples of i-band dropout galaxies at z ∼ 6 have been observed with the Spitzer Space Telescope. Yan et al. (2006) and Eyles et al. (2006) (13) implies a one-to-one relationship between luminosity and extinction, since both depend only on the SFR. In the case of Eq. (14), the extinction depends also on galaxy age and the predictions shown are for ages in the range 2 × 10 8 t ∆t burst . The relation E(B −V ) ≈ A 1350 /11 (Calzetti et al. 2000) has been adopted.
10
11 M ⊙ . A similar stellar mass range has been found for a few z ∼ 7 LBGs by Labbè et al. (2006) . Eyles et al. (2006) claim that their Spitzer-detected galaxies have E(B − V) ranging from 0 to 0.16. This conclusion however critically depends on the assumption that older stars and star forming regions are affected by the same dust extinction, whereas the extinction is usually much larger for the latter (see e.g. Silva et al. 1998) . In fact for a significant number of objects in the sample of Yan et al. (2006) the time-scale M ⋆ /Ṁ ⋆ , derived under the hypothesis of no extinction in the UV, is much larger than the age of the Universe. However, the same authors stressed that by assuming the extinction curve of Calzetti et al. (2000) and a color excess E(B − V) = 0.2 for the star forming regions, the inferred SFR would be a factor of about 10 larger and the time required to accumulate the stellar mass would become compatible with the age of the Universe. The latter values of SFR and stellar mass would be in close agreement with those predicted by the model shown in Fig. 1 for galaxy halos with mass in the range M H ≈ 1 − 10 × 10 11 M ⊙ and ages of about 100 − 500 Myr.
X-ray emission of LBGs
Type-II SN remnants and High Mass X-ray Binaries yield an extended X-ray emission associated with the star formation. By comparing far-IR and X-ray emissions of starburst galaxies, Ranalli, Comastri & Setti (2003) inferred a relationship between the X-ray luminosity in the 2 − 10 keV band and the current SFR
Therefore the expected extended X-ray luminosity for the most massive and luminous LBGs may reach 10 42 erg s −1 . This is confirmed by observations of a large sample at redshifts 3 z 6, showing that LBGs have weak but non vanishing X-ray luminosities, L X 10 42 erg s −1 (Lehmer et al. 2005) . These authors estimated SFRs at z ∼ 3 − 4 ofṀ ⋆ ≈ 85 − 240 M ⊙ yr −1 , consistent with our expectations. Notice that our model predicts SFRs (and hence star-formation related X-ray emission) up to 10 times larger during the obscured phases detectable at (sub-)mm wavelengths (cf. Fig. 1) . Lehmer et al. (2005) also detected 16 LBGs (∼ 0.5% of the sample) with L X 10 43 erg s −1 , characteristic of low luminosity active galactic nuclei. A distinctive character of our model is the strict coupling of the SFR with the growth of a central BH Lapi et al. 2006) , whose X-ray emission can be written as
where η is the mass-to-radiation conversion efficiency, K X is the bolometric correction for the 2 − 10 keV band andṀ • is the accretion rate. Fig. 1 of Lapi et al. (2006) shows that only in relatively large halos (M H 10 12 M ⊙ ) and at a relatively late epoch the accretion is large enough (Ṁ • 0.1 M ⊙ yr −1 ) to yield L X 3 × 10 43 erg s −1 . In this evolutionary phase dust extinction is large and therefore we expect that only a few bright LBGs exhibit strong nuclear X-ray emission, in agreement with the results of Lehmers et al. (2005) . However, even in the case of relatively low luminosity LBGs a non negligible contribution to the global X-ray emission can be yielded by accretion onto the central BH. This prediction can be tested by X-ray observations of LBGs with high sensitivity and high angular resolution. Again, sub-mm selected galaxies should exhibit also higher nuclear luminosities, since they generally correspond to a later evolutionary phase, when the central BHs have grown larger. The SFR function Φ(Ṁ ⋆ ,t) can be computed in a manner stricly analogous to the UV LF (see Eq. [12] ). The global SFR SF R(t) and the contribution to the monochromatic 1350 Å luminosity density, ρ 1350 (t), as a function of the cosmic time t then follow as
Contribution of LBGs to the UV background
where L 1350 is the monochromatic luminosity at 1350 Å. Fig. 8 shows that the global SFR is dominated at z 5 by LBGs with M 1350 −17.5, which are a mixture of intrinsically faint and strongly extincted objects. Recent measurements of stellar masses in LBGs at redshifts z 5 (Yan et al. 2006; Stark et al. 2006; McLure et al. 2006) have found evidence of a significant number density of galaxies with M ⋆ 10 10 M ⊙ . In our model such massive objects correspond to bright LBGs with M 1350 −21.5 residing in halos of M H 10 12 M ⊙ .
The Lyman-continuum emission of LBGs
Since the UV emission from massive stars extends beyond the Lyman limit, the LBGs are expected to be significant contributors to the meta-galactic ionizing background at high redshift. The quantification of this contribution requires the estimate of the fraction of ionizing photons escaping from the LBGs.
The observed luminosity at 912 Å is given by
where L int 912 is the intrinsic luminosity at 912 Å, f HI is the fraction of ionizing photons surviving HI absorption within the galaxy, τ 912 is the average dust optical depth of the galaxy at 912 Å and τ IGM is the optical depth of the IGM. The product e −τ912 f HI ≈ f esc is the fraction of ionizing photons emerging at the galaxy boundary. The relative importance of dust extinction and HI absorption in determining the escaping fraction of ionizing photons depends on the complex geometry of the distribution of gas, dust and stars. Following Inoue et al. (2006) we define the Lyman continuum-to-UV escape flux density ratio, R esc , which can be obtained from the observed ratio correcting for the IGM absorption against the Lyman continuum:
The quantity R esc allows us to compute the ionizing luminosity at 912 Å emerging from the boundary of the galaxies as a function of their UV luminosity. Rest-frame ultraviolet spectroscopic observations in the Lyman continuum region for samples of 29 and 14 LBGs at z ≈ 3 have been obtained by Steidel et al. (2001) and by Shapley et al. (2006) . While Steidel et al. (2001) found R esc ≈ 0.22 ± 0.05, Shapley et al. (2006) found an average value ≈ 4.5 times lower, R esc ≈ 0.05, yet with a substantial variance and with 2 objects showing significant emission below the Lyman limit, yielding R esc ≈ 0.35 and 0.22. A large scatter of the observed ratio is expected, since the UV and the ionizing radiation are emerging from central regions of galaxies with quite complex gas and dust distribution. In fact, regions of strong star formation in local galaxies exhibit line of sights with quite variable dust extinction and Lyα emission. In the following we adopt R esc ≈ 0.15 as a reference value, but we explore the range 0.1
1350 the escape fraction writes: The ratio between the intrinsic luminosities at 912 Å and at 1350 Å for continuous star formation depends only on the IMF and on the metal content. For the adopted IMF, we find L int 912 /L int 1350 = R int ≈ 0.3 (see also Leitherer et al. 1999; Steidel et al. 2001; Inoue et al. 2005) . From Fig. 9 it is apparent that for massive halos, M H 10 12 M ⊙ , the escape fraction is negligible over most of the burst duration.
Since the fraction f HI of ionizing photons surviving HI absorption is f HI ≈ f esc e τ912 , Eq. (21) gives:
If the UV (at 1350 Å) and the ionizing photons see the same amount of dust, the fraction depends only on differential extinction between 1350 and 912 Å. Fig. 9 shows the absorbed fraction 1 − f HI as function of the galactic age for A 912 = 1.6 A 1350 (Draine 2003) . Since R esc /R int ∼ 0.5, a too large dust optical depth would yield f HI 1, with two implausible implications, i.e. that the neutral gas is transparent to ionizing photons, and that only a tiny fraction of Lyα photons can be produced within the galaxy (see the next Section).
LYα EMITTERS
The UV spectrum of star forming regions has a typical shape f ν ∝ ν −1.7 at least down to λ 400 Å, with a significant fall off at the HeII Lyman edge (see also Haenhelt et al. 2001) . Assuming that 2/3 of the ionizing photons absorbed by neutral hydrogen in the galaxy are converted into Lyα photons (Osterbrock 1989; see also Santos 2004) , the Lyα luminosity from a star forming galaxy, before absorption, writes
Lyα by a factor e −τLyα , where τ Lyα is the optical depth at the Lyα wavelength (1216 Å). Furthermore, only a fraction f IGM of Lyα photons survives the passage through the IGM. Therefore the luminosity we see is
for the adopted IMF; for a Salpeter IMF the normalization should be reduced by a factor of about 1.6. The LFs of LAEs at high redshifts are then given by an equation strictly analogous to Eq. (12). The optical depth is computed coupling Eq. (14) with the extinction curve. The only free parameter in this analysis is the transmission factor of the IGM, f IGM . If we adopt the extinction curve by Calzetti et al. (2000) , extrapolated to 912 Å, and R esc = 0.15, a fit is obtained for f IGM = 0.5; if R esc = 0.1 (0.2), f IGM = 0.4 (1). With the flatter extinction curve by Hirashita et al. (2006) consistency with the data on the LF at z ≈ 6.5 are obtained with a somewhat lower value of the IGM transmission ( f IGM = 0.4 for R esc = 0.15). The overall attenuation of the global Lyα luminosity density (obtained integrating the Lyα LF) is a factor (1 − f HI ) e −τLyα f IGM ≈ 0.03. The data on the LF at z ≈ 5.7 are consistent with a transmission factor f IGM ≈ 1, for R esc 0.15. This may suggest that the ionization level of the IGM is changing between z ≈ 5.7 and z ≈ 6.5 (see also Kashikawa et al. 2006b ). However, the determination of f IGM is quite complex and implies assumptions on the relative velocity of the emitting galaxies and the IGM, on the presence of galactic winds, of neutral hydrogen, etc. (see Haiman 2002 and Santos 2004 for comprehensive discussions).
In Fig. 10 we also present our predictions for the LAE LF at z ≈ 8, when the Lyα line lies in the J−band (see Barton et al. 2006) . In the figure we assumed f IGM ≈ 0.5, the same value as at z ≈ 6. However, we expect that the IGM ionization level can be significantly different at these redshifts (see § 5), increasingly dimming the Lyα luminosity at higher z.
Our model predicts a Lyα luminosity decreasing abruptly after few 10 7 yr in the most massive halos with higher SFRs. Therefore, a clear-cut prediction of the model is that bright LBGs should exhibit relatively low Lyα luminosity (see Fig. 11 ). A deficiency of objects with large Lyα equivalent width among bright LBGs has recently been reported by Ando et al. (2006) . Fig. 1 it is apparent that these correspond to galaxies with stellar masses from a few 10 9 M ⊙ to 10 10 M ⊙ , in nice agreement with the findings by Lai et al. (2006) based on the analysis of SEDs of 3 LAEs at z ≈ 6. This range is within that probed by the UV LF (see § 3). Gawiser et al. (2006) inferred, for a sample of LAEs at z ≈ 3.1, an average SFR around 6 M ⊙ yr −1 and an average mass in stars M ⋆ ≈ 5 × 10 8 M ⊙ . Our model yields SFRs and stellar masses consistent with these estimates, once we take into account that they assume a Salpeter IMF and should be reduced by a factor of about 2 for our IMF, which is flatter at low stellar masses. The same authors also claim that the dust extinction is on the average minimal (A V 0.1) in their stacked sample. According to our model, the estimated stellar masses correspond to halo masses of 10 10 M ⊙ M H 10 11 M ⊙ , which are indeed predicted to have very and ionizing luminosity at 912 Å (right) at z = 6 as a function of galactic age, for the extinction law of Eq. (14) low extinction (see Fig. 5 ).
REIONIZATION
We now have all the ingredients necessary to estimate the contribution of protogalaxies to the reionization of the universe. The emission rate of ionizing 912 Å photons at the galaxy boundary is:
The distribution function of emission rates, Φ(Ṅ 912 ,t), can be easily derived in strict analogy with Eq. (12). The average global production rate of ionizing photons per unit volume is then:
The transition from a neutral to a reionized IGM can be described in terms of the evolution of the volume filling factor of HII regions, Q HII (Q HII = 1 corresponds to the complete reionization), which is ruled by the equation (Shapiro & Giroux 1987; Madau, Haardt & Rees 1999) 
here n H is the comoving HI number density, and the recombination time is given by (Madau, Haardt & Rees 1999) 
in terms of the clumping factor of the IGM, C. The IGM clumping factor has been investigated exploiting hydrodynamical simulations (see e.g. Gnedin & Ostriker 1997) . Iliev et al. (2006) proposed an analytic description of the simulation results: C(z) = 17.6 e −0.1 z+0.0011 z 2 . In the relevant redshift interval 7 z 10 one finds 10 C 7. We adopt a constant value C ≈ 7 and obtain the filling factor evolution shown in Fig. 12 .
For our reference extinction law and R esc ≈ 0.15 we find that the reionization is completed at z reion ≈ 7. If we adopt the value R esc ≈ 0.05 found by Shapley et al. (2006) and representative of low luminosity LBGs, the reionization obviously takes longer and is completed by z reion ≈ 5.4. Note that there are no free parameters in this calculation.
Most of the ionizing photons are produced by galaxies hosted in halos with mass in the range 10 10.6 M ⊙ M H 10 11.4 M ⊙ at z 8. The contribution of massive galaxies is depressed by their low number density at the relevant redshifts and by their internal dust absorption. On the other hand, the contribution of the numerous low mass galaxies is damped by the decrease, driven by stellar feedback, of their SFR. Galaxies in the above mass range contribute to the faint part of the UV LF and to the bright end of the Lyα LF at z = 6.5. In conclusion, the faint LBGs are viable candidates to reionize the Universe at redshifts z ≈ 6 − 7, in agreement with observational estimates Eyles et al. 2006) .
As shown by Fan et al. (2006) , the spectra of high redshift QSOs indicate an accelerated evolution of the ionization state of the IGM at z 5.7 and a rapid increase of the average length of dark gaps. On one side, the finite length of dark gaps (about 80 Mpc) suggests that the neutral fraction at z ≈ 6.4 is less than 50%. On the other side, the extreme evolution suggests that in this redshift interval we are seeing the last phases of the reionization process.
The optical depth to electron scattering is given by
where n e = Q HII n B (1 + z) 3 is the electron density, n B ≈ 2.5 × 10 −7 cm −3 is the baryon density, and σ T ≈ 6.65 × 10 −25 cm 2 is the Thomson cross section. Inserting the filling factor evolution of Fig. 12 we find τ es ≈ 0.07 and τ es ≈ 0.06 for R esc = 0.2 and 0.1, respectively, within the range of the WMAP three year determination τ es = 0.09 ± 0.03 (Page et al. 2006 ).
CONCLUSIONS
In this paper we have explored the onset of star formation in the early Universe, as traced by high-z LBGs and LAEs, and its contribution to the reionization. There are several ingredients in this exercise: (i) the formation rate of galactic halos; (ii) the star formation history as a function of halo mass and redshift, and the IMF of stars; (iii) the evolution of interstellar extinction; (iv) the transmission of the IGM. The first two ingredients have been borrowed from the physical model by Granato et al. (2004) , that has successfully accounted for a broad variety of multifrequency data. A very good match with the observed UV LFs of LBGs at different redshifts have been obtained correcting for extinction those yielded by the model, using a simple recipe relating the extinction to the SFR and to the gas metallicity. This law, yielding larger extinction for the more massive objects, characterized by larger SFRs and faster metal enrichment, nicely accounts for the correlation between UV luminosity and reddening found by Shapley et al. (2001) .
Another implication of the larger extinction for more massive objects is that the UV LF evolves between z ≈ 6 and z ≈ 3 much less than the halo mass function. This is because the higher dust extinction mitigates the effect of the fast increase with decreasing redshift of the density of massive halos. As a consequence, the UV LF is only weakly sensitive to the values of cosmological parameters, and in particular of σ 8 . However, if LF estimates will be extended to z ≈ 10, the effect of σ 8 could be visible down to small enough masses for the effect of extinction to be small.
A distinctive prediction of this kind of models (cf. Granato et al. 2006 ) is that the intense star formation phase is accompanied by an exponential growth of a supermassive BH at the galaxy center. As a consequence, LBGs and their close relatives, the submm selected galaxies, must possess X-ray emission both related to stellar evolution, and thus distributed throughout the galaxy, and point-like emission from accretion onto the growing BH. Both components, but especially the nuclear one, are predicted to be stronger for sub-mm galaxies, which correspond to a later phase of the galaxy evolution. High sensitivity and angular resolution X-ray observations of the two populations can thus provide key information on both the star formation history and the early growth of supermassive BHs. Exploiting the relationship by Ranalli et al. (2003) to relate the SFR, yielded by the model, with the X-ray emission, we find that the model predictions are fully consistent with the X-ray properties of LBGs reported by Lehmer et al. (2005) . Also, the predicted stellar masses of LBGs at z 5 agree with observational estimates by Yan et al. (2006) , Eyles et al. (2006) , and Labbè et al. (2006) .
Using the curve by Calzetti et al. (2000) to extrapolate the extinction to different wavelengths, we find that the model reproduces the Lyα LFs at z = 5.7 and 6.5 Kashikawa et al. 2006b ). The comparison of the model with the data involves the transmission factor of the IGM, f IGM . We find an indication of an increase of f IGM from about 0.5 at z ≈ 6.5 to about 1 at z ≈ 5.7, suggesting that reionization has been completed in this redshift interval.
Moving further upwards in frequency, we find that the model can account for a complete reionization at z ≈ 7. Most ionizing photons are produced by galaxies with halo masses 10 10.6 M ⊙ M H 10 11.4 M ⊙ at z 8, which dominate the faint portion of the UV LF and the bright tail of the Lyα LF at z ≈ 6.5. More massive galaxies spend most of their star-forming period in a dusty environment, and are therefore more easily detected at (sub-)mm wavelengths. The larger halo masses of (sub-)mm selected, compared to UV selected, galaxies implies that the former are much more strongly clustered (because of the steep dependence of the bias parameter on halo mass at high redshifts). Observations of the LBG angular correlation function at z 4 (Kashikawa et al. 2006a; Lee et al. 2006) seem to be consistent with weak clustering, in keeping with our expectations. We will discuss the clustering properties of LBGs and LAEs in a forthcoming paper.
